Abstract: This paper addresses the problem of state observation of induction motors facing large flux and speed variations. In these conditions, state observation (and control) cannot be properly performed without accounting for the nonlinear nature of the motor magnetic circuit. A key feature of this study is that the state observer design is based on an experimentally validated continuous-time nonlinear model taking into account the saturation nature of a commercial induction motor of 7.5 KW. A continuous-time nonlinear state observer is thus obtained, using the high gain design technique, and is shown to be convergent when applied to the (continuous-time) system model. The point is that, in modern control applications, continuous-time systems are only observed through sampled output signal measurements. Then, one classical solution consists in constructing a discrete-time approximation of the (continuous-time) observer. This solution is somewhat computationally burdensome and does not preserve the convergence properties of the original continuous observer. Here, a different solution is developed according to the hybrid continuous-discrete (HCD) estimation principle. The obtained HCD observer is formally shown to preserve a quite satisfactory estimation accuracy when applied to the (continuous-time) system model. This theoretical result is confirmed by simulation, considering an operational protocol involving large speed and flux variations making the motor operate both in the linear on nonlinear parts of its magnetic characteristic. 
INTRODUCTION


In induction motor control, state observers are necessary to get online estimates of those state variables that are not (or fare hardly) accessible to measurements. This is especially the case for the rotor flux. Several state observers have been proposed for induction motors over the last decade, e.g. (Lubineau et al., 1999; Derdiyok et al., 2002; Ticlea et al., 2006; Traore et al., 2008) . However, in those works, the observer design was based on a standard model assuming a linear representation of the machine magnetic circuit. To comply with this assumption, the machine must remain all time in the linear part of its magnetic characteristic (i.e. small flux values) or in the vicinity of its nominal flux value (located at the elbow of that characteristic). The point is that small-flux operation modes limit the achievable motor torque. On the other hand, a constant-flux operation mode can never be optimal when large speed variations are required (Ouadi et al., 2010) . To achieve high observation performances regardless the machine operation mode, the observer design must rely on a model that accounts for the nonlinearity of the machine magnetic circuit. This was first attempted in (Krzeminski & Jaderko, 1993) modifying the standard -model to account for magnetic saturation. The obtained model was shown to be utilizable for observer design but neither convergence analysis nor experimental evaluation were reported for the obtained observer. A more involved investigation has been carried out in (Ouadi et al., 2005) . There, the observer design was performed using the high gain technique, based on an experimentally validated dq  -model accounting for the machine magnetic saturation phenomenon.
The common point of all previous observers (whatever the model they were designed from) is that they all are of continuous-time nature. The fact is that in modern control applications, observer/controller practical implementation is performed using digital equipments. Therefore, the available measurements (voltages, currents, speed, position, etc) are obtained through output signal sampling. In the last decade, an increasing attention has been paid to the problem of (continuous-time) system state observation using sampled measurements, e.g. (Moraal et al., 1995; Nadri et al., 2003 Nadri et al., , 2004 . One classical solution consists in designing first a continuous-time observer based on the induction motor (continuous-time) model and, then, obtaining a discrete-time approximation of the constructed (continuous-time) observer, e.g. (Arcak et al, 2004) . Alternatively, one may begin by the construction of a discrete-time approximation of the controlled (continuoustime) induction machine model and use the obtained discrete-time model to develop a (discrete-time) observer, e.g. (Arcak et al, 2004; Dabroom et al, 2001 ). The main drawback of the above approaches lies in the computational complexity to obtain and implement accurate discrete-time approximations of the considered AC machine model and observers. Furthermore, the obtained (discrete-time) observers have generally only local convergence properties, e.g. (Bryik et al, 2006) .
A quite interesting alternative is the one commonly referred to as hybrid continuous-discrete (HCD). It consists in designing a priori an asymptotically convergent continuoustime observer and generating a continuous (piecewiseconstant) output signal obtained through zero-order hold reconstruction of the sampled output measurements. Then, the state observation is performed according to the following time-sharing principle:
-Between two successive sampling times, the state estimation is made using an open-loop predictor, simply obtained by 'copying' the system model with no additional feedback correcting error.
-At sampling times, the state estimate trajectory is corrected using the a priori designed (continuous-time) observer; the correction is possible thanks to the involved output error (difference between the system output and observer output). Unlike other solutions, HCD observers do not need the sampling rate to be too high, because they do not involve any (system or observer) discretization. More interestingly, a HCD observer preserves the stability properties of the underlying continuous observer (Deza et al, 1992; Nadri et al, 2004) .
Inspired by (Nadri et al., 2004) , a HCD observer is presently designed for induction motors facing a wide range of speed/flux variations. To this end, the observer design is based on the experimentally validated model developed in (Ouadi et al., 2004) which is known to properly account for the nonlinear nature of the machine magnetic characteristics in the fixed   coordinates. The proposed HCD observer is designed using the high gain technique and formally shown to enjoy (at least partly) nice convergence properties of the original continuous-time observer it is obtained from. The new observer proves to be efficient in the presence of large flux variations (making the machine operate in the nonlinear part of the magnetic characteristics). It can then be used in a control context, providing a speed controller with accurate online estimates of the rotor flux.
The paper is organized as follows: the induction motor model and HCD observer are presented in Sections 2 and 3, respectively. The observer performances are formally analyzed in Section 4 and illustrated by simulation in Section 5.
OBSERVATION MODEL DEVELOPMENT
In (Ouadi et al., 2004 (Ouadi et al., , 2005 a model was developed and experimentally validated for a 7.5KW commercial induction motor. Its originality lies in the fact that it takes into account the saturation effect of the machine magnetic characteristics (Fig 1) . It is defined by the following representation:
The quantity  is a varying parameter depending on the machine magnetic state. This dependence was given as a polynomial approximation (Ouadi et al., 2004 (Ouadi et al., , 2005 :
with:
where the involved coefficients have been experimentally identified in (Ouadi et al., 2004) . In model (1)- (7), the following notations are used:
. . f is the friction coefficient;
The remaining parameters are defined by:
The numerical values of all parameters are those of (Ouadi et al., 2004) where the model is experimentally validated using an induction motor of 7.5 KW power. 
OBSERVER DESIGN FOR INDUCTION MOTOR
In this section, a HCD nonlinear observer is built-up to get estimates of the rotor flux and the stator current in induction motors. Such an observer is derived from model (1)- (10) that accounts for the nonlinear magnetic characteristics. It is assumed that the stator currents (i sα , i sβ ) and the rotor speed () are the only measurable AC machine variables. For convenience, the observation model (1)-(10) can then be reduced to the following more compact representation:
where:
and (x, y, u,t) is a continuous function defined by: Then, one has:
where  v denotes the varying component of  (function of x according to model (7)).
The synthesis of the proposed observer then requires the following assumption:
A1-The state vector x is bounded.
With the above notations, the following observer is considered:
For any integer and any real ,
where the initial conditions for S and are arbitrarily chosen and (resp. ) designates the limit of (resp. ) when t from the left (i.e.
). The parameter  is any constant real gain. 
It is easily seen that, between two successive sampling times and , observer (16)- (18) is essentially a copy of the system equations (11) where the non-measurable term in
e. the state x ) has been ignored and the output frozen (i.e. fixed to the last measured value ). During these intervals, the observer is continuoustime and open-loop. At sampling times, the observer is described by the discrete-time equations (19-20) that involve a feedback term depending on the output estimation error . This ensures a periodic correction of the open-loop state estimation trajectory.
c) Note that system (11) does not fit the system form considered in (Nadri and Hammouri, 2003) because the function  on the right side of (11) was supposed to be only a function of the input u in the above reference.
OBSERVER CONVERGENCE ANALYSIS
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The main result is summarized in the following theorem: 
Similarly, at one gets from (20):
Let us consider the Lyapunov function candidate:
and set . The variation of the function V will now be investigated in two steps.
Step 1:
. It follows from (23) 
Since all signals are bounded, it follows using the continuity of (.)  that a positive real constant c exists such that:
Also, the observability of (A,C) ensures that there exist real constants such that for any real 
Step 2 :
. Then, in view of yapun on (22) and (19), the
Using (26), it follows from (30) that:
the second quantity on the right side 1) turns out to be (3 2) of (3 positive, ensuring:
This, together with (29), implies:
tly be 2   can equivalen rewritten as:
his implies that,
which together with (28) 
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, it follows from (35-36) that:
, where the second ine       2 exp * quality in (37) follows from the fact that . Finally, using (23) and one gets from (37):
This establishes
 t e the theorem with
SIMULATION RE S
he above theorem stipulates that the estimation quality of bserver (16)- (20) is inversely proportional to the observer gain SULT T o  . This re ation. To this end, the induction AC mac ine is represented with the ti ifferent sult is now illustrated by simul h experimentally validated model (Ouadi et al, 2004) . Remember that such a model corresponds to a 7.5 KW induc on motor. The simulation protocol is designed in such a way that the machine operates around different points of its magnetic characteristic at different rotor speeds and different load torque values. To this end, the load torque and the stator current pulsation speed are chosen as shown by Fig. 3 . The resulting rotor speed is given in Fig. 4 Finally the effect of  can be illustrated by the results of Fig.7 showing the flux estimation performance with =50 instead of 400: here the estimation error is larger. In practice, the choice of  should result from a trade off between steady-state error attenuation and noise amplification. 
CONCLUSION
This paper has focused on the problem of flux observation in induction motors with sampled measurements. Many observers were proposed in previous works to perform such a flux observation. The drawback of these solutions lies in the fact that they are designed from standard models, that suppose the magnetic characteristic to be linear, which is not the case in practice. Therefore, they are unable to perform well if the motor comes to operate in the nonlinear part of its magnetic characteristic. The proposed observer (16)-(20) has been developed (with the HCD technique), based on a model, namely (1-8), that appropriately accounts for the nonlinear nature of the magnetic characteristic. With this new observer, the flux can take values on a very large domain of variation. This permits to consider an optimal control of the machine. On the other hand, unlike other solutions, HCD observers do not need a too high sampling rate, because they involve no (system or observer) discretization. The main result of this paper is Theorem 1 where it is shown that the observer performances are adjustable by the choice of a parameter . This theoretical result is confirmed by the simulations presented in the paper.
